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RENIN WAS CONSIDERED UNTIL recently as an aspartyl protease which cleaves angiotensinogen into angiotensin I (2). However, the cloning in 2002 of a 350-amino acid-specific receptor capable of binding both renin and prorenin has questioned the current concepts about the renin-angiotensin system (RAS) (27) . The (pro)renin receptor (PRR) consists of a single transmembrane domain predominantly localized at the cellular plasma membrane as well as in perinuclear organelles (31) . Binding of renin and prorenin to this receptor may induce a conformational change in the ligand, which not only increases renin activity by about fivefold but also opens the prorenin propeptide, conferring to it a catalytic activity (9, 26) . Interestingly, although other components of the RAS appear to be specifically restricted to certain tissues, the PRR has been identified in numerous organs, among them the brain, heart, and kidneys (31) . This could be related to its association with the VO domain of a vacuolar H ϩ -ATPase that seems to be required during embryogenesis (29) . Cellular and molecular effects caused by stimulation of the PRR have been studied in rat mesangial cells (16) , human embryonic kidney cells (31) , smooth muscle cells (30) , cardiomyocytes (31) , and adipocytes (1) . Renin and prorenin were shown to promote transforming growth factor (TGF)-␤ and plasminogen activator inhibitor type 1 (PAI-1) synthesis independently of angiotensin II through ERK phosphorylation (3, 16) . The molecular signaling pathway, however, remains unknown. It was also reported that renin promotes the interaction of the PRR with the transcription factor promyelocytic zinc finger protein (PLZF) (32) . This results in a direct repression of the PRR gene and a stimulation of phosphatidylinositol 3-kinase (PI3K) expression responsible for inhibition of apoptosis. The development of transgenic rats overexpressing the human form of the PRR has suggested a role for this receptor in the impairment of renal function with increased local production of TGF-␤ and stimulated MAPK signaling (6, 20) . The administration of the angiotensin-converting enzyme inhibitor imidapril failed to prevent these effects, demonstrating its independence from local generation of angiotensin II (20) . On the other hand, administration of a putative PRR peptide antagonist to streptozotocin-induced diabetic rats prevented renal damage without affecting hyperglycemia (19) . This observation allowed speculation of a potential implication of PRR in diabetic nephropathy where prorenin levels are known to be particularly elevated (24) .
Reactive oxygen species (ROS) play a key role in the development of cardiovascular pathologies such as vascular dysfunction and heart and kidney failure, especially in diabetic models (21) . Increased production of superoxides inactivates nitric oxide (NO), thereby diminishing its vasodilator and anti-inflammatory role, but also activates numerous signaling pathways, leading to apoptosis and matrix synthesis, two important features of fibrosis (15, 34) . Various ROS-producing systems exist in cells and among them is NADPH oxidase, a flavone-derived enzymatic complex that produces superoxides when it is in an activated state (22) . Although all isoforms are potentially present in kidney cells, the constitutively active isoform Nox4 is predominantly expressed, especially in mesangial and epithelial cells (14, 33) where it was first named renox. The ROS produced can act as second messengers for several transcription factors that are implicated in renal disease and hypertension (5, 11, 15) , such as NF-B, Akt, or ERK. Nox4 is particularly involved in MAPK-dependent renal hypertrophy and fibronectin production, features that are observed after renin exposure (22) .
In the present study, we hypothesized that ROS could be implicated in the PRR signaling pathways in human embryonic kidney cells (HEK). We monitored the activity and expression of NADPH oxidase, specifically its catalytic isoform Nox4, following exposure to renin and prorenin and determined the consequences on fibrosis gene expression (TGF-␤, PAI-1, and fibronectin).
METHODS
Cell culture and transfections. Human embryonic kidney cells (HEK) were grown in Freestyle 293 expression medium (GIBCO, Carlsbad, CA) supplemented with 10% FCS and antibiotics. When treated with renin and prorenin, cells were rinsed with HEPES Buffered Saline Solution (HBSS; GIBCO) and transferred to a serumfree medium during the time of treatment. When indicated, cells were transfected with small interfering (si) RNA by nucleofaction following the recommendations of the manufacturer (Amaxa, Gaithersburg, MD). Briefly, 10 6 cells in suspension were added to 1 g of siRNA. Cells were allowed to recover overnight with 10% FCS and were starved with no serum the following day.
Chemicals. Renin and prorenin were purchased from Proteos (Kalamazoo, MI). Perindoprilate was synthesized by Servier Technology (Orléans, France). U0126 and TNF-␣ were obtained from Calbiochem (San Diego, CA). Lucigenin and NADPH were from Sigma (St. Louis, MO). 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (CMH) was obtained from Noxygen (Elzach, Germany). Prorenin receptor and Nox4 siRNA were purchased from Ambion (Austin, TX). Transfection reagents were obtained from Amaxa.
RNA extraction and RT. Forty-eight hours after transfection with siRNA, cells were treated as indicated and total RNAs were extracted from six-well plates with a RNeasyMicro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. One microgram was used as a template for RT, using Superscript III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Real-time PCR. Levels of gene expression were analyzed by quantitative real-time RT-PCR using the iCycler IQ Detection System (Bio-Rad, Hercules, CA). Each reaction was performed using SYBR GreenER qPCR SuperMix (Invitrogen), 2 l of the RT product (cDNA), and 150 nM of each specific primer. Samples were denatured for 5 min and 30 s at 95°C and amplified for 40 cycles as follows: denaturation for 20 s at 95°C, and annealing for 1 min at the gene-specific temperature (see Table 1 ). Each real-time PCR run included cDNAs in duplicate in parallel with serial dilutions of a cDNA mix tested for each primer pair to generate a linear standard curve with the mean cycle thresholds. This curve was then used to estimate the relative quantity of the relevant mRNA in each sample. The values obtained with our samples were normalized to the geometric mean of the values obtained with three internal controls: hypoxanthine-guanine phosphoribosyltransferase, ␤-actin, and GAPDH. These three control genes were tested by GeNorm for their stability after transfection. The specificity of the PCR products was confirmed by melting curve analysis. All the primers were designed by Beacon Designer Software (Premier Biosoft) and are reported in Table 1 .
Western blot analysis. Cells were washed twice in ice-cold PBS, incubated for 10 min on ice with diisopropyl fluorophosphate (3 mM in PBS), and lysed with Cell Lysis Buffer (Cell Signaling) in the presence of a protease inhibitor cocktail (Roche, Basel, Switzerland). The protein concentration was quantified by a Lowry-based procedure (Bio-Rad, Hercules, CA). Fifty micrograms of reduced proteins were separated using 10% acrylamide ready gels (Bio-Rad) and transferred onto nitrocellulose membranes, blocked with nonfat dry milk (3%) overnight at 4°C. The membrane was incubated with anti-human PRR (1:500, Abcam or Sigma), anti-human Nox4 (1:500, Novus), antihuman GP91phox (1:1,000, Upstate), or anti-human actin (1:1,000, Santa Cruz Biotechnology) for 2 h at room temperature. Horseradish peroxidase-conjugated antibodies were used for the secondary detection (1:50,000, Jackson). The bands were revealed by the enhanced chemiluminescence (ECL)-Advance detection system (Amersham).
Measurement of NADPH oxidase activity in cell homogenates. Lucigenin-ECL was used to monitor ROS production by cell homogenates using a microplate luminometer (MicroBeta Trilux, Wallac). Transfected HEK cells were grown in six-well plates for 24 h. Wells were rinsed with Assay Buffer (1.25 mM CaCl2-2H2O, 5.4 mM KCl, 0.5 mM KH2PO4, 0.5 mM MgCl2-6 H2O, 0.7 mM MgSO4-7 H2O, 0.136 mM NaCl, 4 mM NaHCO3, 0.4 mM Na2HPO4, 5.5 mM D-glucose, and 0.1 M sucrose, pH 7.2), and the culture plate was snap-frozen. Cells were scraped and recovered with ice-cold Assay Buffer supplemented with protease inhibitor cocktail (Roche) after stimulation of the cells with renin and prorenin (24 h, 100 nM). The cell homogenates were sonicated on ice, and protein content was quantified by a Lowry-based procedure (Bio-Rad). Ten micrograms of proteins were transferred to a 96-well microplate luminometer (PerkinElmer, Waltham, MA). Bis-N-methylacridinium nitrate at 5 mol/l (lucigenin) and NADPH at 200 mol/l were added, and light emission was recorded during 5 s after 10 min at 37°C for dark adaptation. The lucigenin concentration of 5 mol/l has been described to avoid interference with O 2 · Ϫ production (23). Chemiluminescence data are expressed as relative light units per second normalized to protein concentration (% vs. control). All lucigenin experiments were performed in quadriplicate.
Superoxide anion production. Superoxides were measured in intact cells using a benchtop electron spin resonance (ESR) spectrometer PRR Forward: 5=-TGA-TCG-CCT-TGG-CCT-TGG-3= 56 Reverse: 5=-TGG-CAC-AGG-TAA-CAT-TCA-ATC-C-3= NOX4
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(MS200, Magnettech, Berlin, Germany). The hydroxylamine transition state was used as a stable indicator following previously published recommendations (12) . Briefly, a HEK cell suspension (2 ϫ 10 6 /ml) in Krebs-HEPES buffer containing 25 M deferoxamine and 5 M diethylthiocarbamate was incubated for 30 min at 37°C with 0.5 mM of the spin probe CMH. The reaction was stopped by snapfreezing in liquid nitrogen, and the samples were processed in 50-l glass capillaries at room temperature immediately after thawing. The spectra were recorded with the following settings: BO-field 3340 G, microwave power 7 db, modulation amplitude 3 G, sweep time 60 s, field sweep 60 G, and gain 100. Quantification was realized on peak intensity using a Magnettech Analysis 2.02 software package.
Angiotensin II quantification. Angiotensin II concentration was measured in cell media by an ELISA following the recommendations of the manufacturer (Angiotensin II Assay, A05880, Spi-bio, Montigny, France). Concentration in the samples was calculated following a provided standard curve (0, 0.98, 1.95, 3.9, 7.81, 15.625, 31.25, 62.5, 125 pg/ml) containing recombinant angiotensin II with a detection limit of 0.5 pg/ml.
Data analysis. Data are presented as means Ϯ SE and were analyzed using one-way ANOVA and Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS

Renin or prorenin promotes oxidative stress in HEK cells.
The PRR is potentially involved in cardiovascular diseases such as cardiac and kidney dysfunction. As these pathologies have previously been associated with oxidative stress, we monitored the role of ROS production in human HEK cells. All experiments were performed in the presence of the ACE inhibitor perindoprilate (50 nM), which completely prevented angiotensin II synthesis by HEK cells when exposed to renin and prorenin (100 nM) (Fig. 1A) .
Cells treated with renin and prorenin for 24 h were suspended in Krebs buffer, and the superoxide anion rate of production was measured by ESR. To stabilize and enhance the signal, an hydroxylamine-structured spin probe specific for superoxide anions, was incubated with the stimulated cells. The typical resonance spectra obtained for the spin probe CMH had a higher amplitude when cells were previously exposed to renin and prorenin, revealing an increase of superoxide anions under these conditions (Fig. 1B) . Indeed, renin and prorenin at 100 nM produced a significant increase in superoxide anions that was even higher than that observed with 10 ng/ml of the cytokine TNF-␣ (Fig. 1C) , a previously reported inducer of ROS in HEK cells (7) . Oxidative stress production was also monitored by chemiluminescence using the lucigenin assay. Adding an excess of NADPH (200 M) to the assay buffer allowed an analysis of the production of superoxide anions by NADPH oxidase, a major enzyme driving oxidant production A: angiotensin II production by human embryonic kidney (HEK) cells was evaluated in the cell culture media after a 24-h exposure to renin or prorenin (100 nM). Perindoprilate at 50 nM was added when indicated. **P Ͻ 0.01 vs. control and ##P Ͻ 0.01 vs. corresponding treatment without perindoprilate, 1-way ANOVA; n ϭ 5. B: HEK cells were exposed for 24 h to renin and prorenin (10 -100 nM) in the presence of perindoprilate. Superoxide anion production was monitored with electron spin resonance (ESR) using the spin probe 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (CMH; C). Representative spectra are presented, and data are summarized with a positive control (TNF-␣ 10 ng/ml; n ϭ 4). #P Ͻ 0.05, ##P Ͻ 0.01 vs. control, unpaired Student's t-test. in cells. Lucigenin oxidation was significantly increased when HEK cells were treated with 100 nM of renin or prorenin for 24 h (fig. 2C) .
PRR downregulation blocks NADPH oxidase-driven superoxide production. To investigate the role of the PRR in oxidative stress generated by renin and prorenin, HEK cells were transfected with a siRNA specifically targeting the PRR. Fortyeight hours posttransfection, PRR mRNA expression was significantly downregulated by 77 Ϯ 5% ( Fig. 2A) , but other components of the RAS were not significantly affected (Supplemental Fig. S1 ; all supplementary material for this article is accessible online at the journal website). The PRR protein expression level was also reduced and remained barely detectable for at least 4 days (Fig. 2B) . Superoxide anion production was monitored with the lucigenin-based assay. Transfection with a PRR siRNA strongly decreased the effects of renin or prorenin (24 h at 100 nM) on NADPH-driven superoxide production in the presence of perindoprilate (Fig. 2C) .
PRR stimulation enhances Nox4 expression. Since renin and prorenin enhanced NADPH-dependent oxidase activity independently of angiotensin II in HEK cells, NADPH oxidase subunit expression was investigated to determine their potential involvement in the superoxide production. Real-time PCR analysis of the different NADPH oxidase catalytic subunits revealed that Nox4 was significantly overexpressed after a 24-h exposure to renin or prorenin (Fig. 3A) . When HEK cells were transfected with the PRR siRNA, renin and prorenin treatments had no effect on Nox4 expression (Fig. 3A) . Nox2 expression was not modified by renin and prorenin treatment in cells transfected with a control or a PRR-specific siRNA (Fig. 3B) . Moreover, regulatory subunits associated with Nox2 in the NADPH oxidase complex, p47 phox and p67 phox , did not show any significant change in their expression (Fig. 3C) . The catalytic subunit Nox1 was undetectable in our assay (data not shown). Western blot analysis of Nox4 confirmed that renin and prorenin could induce its protein expression (Fig. 3D ) in a PRR-dependent manner whereas Nox2 protein was barely detectable in HEK cells.
PRR and Nox4 mediate induction of PAI-1, TGF-␤, and fibronectin by renin and prorenin.
Previous studies have reported that PRR mediates the induction of PAI-1, TGF-␤, and fibronectin in renal cells independently of angiotensin II and we indeed could detect an increased concentration of fibronectin and TGF-␤ protein levels in the culture medium of HEK cells treated with renin and prorenin (Supplemental Fig. S2 ). Additionally, HEK cells were transfected with either a control siRNA or a siRNA targeting the PRR, and mRNA expression of TGF-␤, PAI-1, and fibronectin was monitored using realtime RT-PCR. HEK cells knocked down for PRR showed a significantly reduced stimulation of the mRNA expression of all three genes following treatment with renin and prorenin (100 nM, 24 h) (Fig. 4A) . To investigate the role of Nox4 in fibrosis gene upregulation, HEK cells were also transfected with a control siRNA or a Nox4-specific siRNA. Under control conditions, Nox4 siRNA significantly reduced Nox4 expression by 50% (Fig. 4B) . Interestingly, Nox4 siRNA transfection not only prevented the significant increase in Nox4 mRNA expression induced by renin and prorenin but also the significant increase in TGF-␤, PAI-1-and fibronectin mRNA (Fig. 4C) .
DISCUSSION
This study demonstrates that HEK cells stimulated with renin or its catalytically inactive precursor prorenin can produce superoxide anions, independently of angiotensin II production. This was shown to be the consequence of an overex- pression of Nox4, the catalytic subunit of NADPH oxidase. Downregulation of the PRR as well as Nox4 with siRNA prevented renin-or prorenin-induced expression of TGF-␤, fibronectin, and PAI-1. Overall, our study suggests the implication of a PRR/Nox4 pathway in the development of kidney fibrosis through the generation of superoxide anions (summarized in Fig. 5 ).
HEK cells are the only cell line derived from the human kidney that have previously been described to possess a functional PRR (31). As they have the ability to naturally generate angiotensin II over a long period of time (Fig. 1A) , albeit in low quantity (about 6 orders of magnitude lower than the concentrations frequently used for in vitro studies), HEK cells were incubated in all our experiments with the potent and selective ACE inhibitor perindoprilate (50 nM), which efficiently blocks the generation of angiotensin II during the exposure to renin. The results that we obtained in the presence of perindoprilate were shown to be equivalent to an incubation with a combination of AT 1 and AT 2 receptor antagonists as often used (Supplemental Fig. S3 ). Thus the effects reported in the present study cannot be interpreted as angiotensin II dependent. Ruling out the implication of angiotensin II is particularly important when the PRR is being studied since angiotensin II has common signaling features with the PRR, such as activation of the MAPK pathway and induction of proliferation and matrix genes. Prorenin was indeed recently shown in rat vascular smooth muscle cells to enhance PAI-1 expression via both a direct signaling through PRR and through angiotensin II due to prorenin reversible catalytic activation upon binding to PRR (39).
Our intention was to demonstrate that oxidative stress generation and fibrosis gene expression stimulated by (pro)renin in HEK cells are mediated through the PRR and not through angiotensin II. Since to date no pharmacological antagonist of PRR exists and since the peptide antagonist HRP was shown to be inefficient in vitro (4), PRR expression was knocked down with a siRNA that was selected from three candidates. Oxidative stress was then recorded using two complementary tech- niques to confirm the potency of renin and prorenin to induce ROS. ESR is now accepted as the most sensitive technique for measuring superoxides, and lucigenin-enhanced chemiluminescence in the presence of NADPH allows a more selective detection of superoxides derived from NADPH oxidase activity.
Previous studies on signaling and fibrosis concerning the PRR were conducted mostly with renin stimulation. although prorenin and renin are equally active at the PRR (16) . This was confirmed in the present study, which illustrates similar stimulation of oxidant production or fibrosis gene expression by renin and prorenin. Thus the PRR has the ability to transduce intracellular signaling upon the binding of both forms of the enzyme, and this is particularly critical since the prorenin concentration in plasma by far exceeds that of renin in most species (13) . In humans, the prorenin concentration is commonly described has being 10 times higher than that of renin, and it can even rise to 100 times in pathological conditions such as diabetes (10, 24) . The variation in prorenin expression could therefore fit relatively well with clinical manifestations such as microvascular complications of diabetes, heart and kidney fibrosis, and prorenin may be physiologically the main agonist for the PRR. However, the concentration used for in vitro studies (100 nM) is based on the K d of renin and prorenin for the PRR (20 and 6 nM, respectively), a concentration that is only likely to occur locally in the kidney where it is produced and secreted (4, 25) . Consistently, although the induction of fibrosis gene and NADPH oxidase expression was already detectable with 10 nM renin or prorenin, the concentration of 100 nM offered a more reproducible effect (Supplemental Fig. S4) .
The PRR has been suggested to be involved in the development of renal and cardiac dysfunction in patients with hypertension or type II diabetes (28) , where plasma or tissue prorenin concentrations are particularly high. The PRR has indeed been linked to fibrosis in several pathological animal models (17) (18) (19) . However, very little is known about the molecular pathway downstream of the PRR. Cellular studies in mesangial cells or cardiomyocytes reported the implication of the MEK/ ERK signaling pathway (16) . Schefe et al. (31) demonstrated in HEK cells as well as in cardiomyoblasts that the PRR, upon activation, was also governing the expression of PI3K via PLZF. Although they did not study the link between this pathway and induction of cellular matrix gene expression, they reported a reduction of caspase activity and apoptosis that is consistent with a fibrosis phenotype. The PRR also appeared to repress its own expression via PLZF but independently of PI3K and ERK. In our present study, we report for the first time that renin and prorenin induce ROS formation in HEK cells. Indeed, both proteins promoted superoxide anion production that was specifically measured by ESR spectroscopy. In addition, the lucigenin assay in the presence of NADPH indicated that the source of the superoxide anions was a NADPH-dependent enzyme. The family of the NADPH oxidases is well known to be associated with cardiovascular disease (22) . The phagocytic type Nox2 and the constitutively active Nox4 are present in HEK cells where Nox1 cannot be detected (data not shown). Nox2, p47 phox , and p67 phox expression remained unchanged following renin or prorenin treatment, but Nox4 expression was significantly enhanced, which might explain the increase in ROS production. Nox4 is the most represented isoform of Nox proteins in the kidney (14) , and it is also extensively studied in myofibroblasts and vascular endothelial cells (8, 37) . Nox4 expression has been reported to be regulated by different PKC isoforms in mesangial cells (36) and endothelial cells (37) . In the present study, increased Nox4 expression following (pro)renin treatment was shown to be under the control of the PRR. Downregulation of the latter with siRNA efficiently prevented Nox4 upregulation at both the mRNA and protein level. Additionally, downregulation of Nox4 with siRNA causes a significant reduction of TGF-␤ stimulation by renin and prorenin that is consistent with a recent report that TGF-␤ is controlled by oxidative stress in hypertensive rats (40) . Accordingly, fibronectin and PAI-1, which are known to be stimulated by TGF-␤, are also inhibited in Nox4 siRNAtransfected cells.
Previous studies have shown that transgenic rats overexpressing the ren2 gene had significantly higher amounts of Nox1 and Nox4 mRNA and higher levels of Nox4 protein in the kidneys and the aorta compared with normotensive wildtype animals (35) . This has been attributed to the rise of angiotensin II without direct proof of it, and an alternative explanation would be that the increased circulating amounts of prorenin and renin is this model bind to the PRR. Additionally, a recent study reported that transgenic mice expressing human renin had increased renal fibrosis characterized by increased oxidative stress and NADPH oxidase activity, increased MAPK signaling, and collagen expression (38) . When these mice were crossed with Nox1-deficient mice, NADPH oxidase activity in the kidney was attenuated but not totally blocked, and, although inflammation and signaling to p38 and JNK were reversed, ERK signaling and collagen I expression were not affected by Nox1 deletion. These intriguing observations support the possibility that fibrosis and ERK signaling in kidneys of hypertensive animals are mediated through a Nox4-dependent increase in oxidative stress. Therefore, PRR-mediated signaling to Nox4 independently of angiotensin II may explain why current treatments of the RAS are not sufficient to prevent end-organ failure following years of hypertension although they are very potent to normalize blood pressure, especially for patients who also have type II diabetes and already have higher levels of prorenin.
Taken together, the present results suggest that renin and prorenin can directly promote fibrosis development through stimulation of their specific membrane-exposed receptor and through generation of oxidative stress. The recent findings that the only renin inhibitor currently on the market (Aliskiren) is inefficient against PRR-dependent intracellular signaling (3) support the interest for specific PRR antagonists that could reduce long-term local production of oxidative stress and fibrosis and thus prevent end-organ failure.
